Summary.
Cells of erythrocytic series in the human liver obtained from 109 embryos 28 to 49 days after ovulation and 76 fetuses between 8 to 22 weeks of gestation were investigated by light and electron microscopy.
Antisera against fetal hemoglobin (Hb-F) were used in the immuno-peroxidase method to identify erythroblasts in the embryonic and fetal liver. Immunoperoxidase staining for Hb-F revealed that most of the hemopoietic cells found in fetal hepatic parenchyma were erythrocytic in nature. The cells of the erythrocyte series consisted of large immature cells which were usually invaginating into the cytoplasm of hepatocytes, and small mature erythroblasts which tended to gather in the subendothelial spaces of the sinusoids.
The early hepatic erythroid progenitor cells observed in the intercellular spaces of the hepatocytes until 10 weeks of gestation (the early stage of hepatic hemopoiesis) distinctly differed in ultrastructure from the late hepatic erythroid progenitor cells which appeared after 10 weeks of gestation (the late stage of hepatic hemopoiesis).
These findings indicate that the progenitor cells of the erythrocytic series and the hemopoietic stem cells in the early stage of hepatic hemopoiesis are morphologically different from those in the late stage, and that the cells of erythrocytic series in the liver in the early stage differ in the course of maturation from those in the late stage.
Recent experimental investigation into colony forming units verified the existence of pluripotential hemopoietic stem cells (CFU-S) in laboratory animals (TILL and Mc-CULLOCH, 1961; BECKER, MCCULLOCH and TILL, 1963) and pluripotential hemopoietic progenitors (CFU-mix) in human bone marrow (FAUSER and MESSNER, 1978, 1979) . The ultrastructure of CFU-S is considered to resemble that of small lymphocytes (BEKKUM et al., 1971; DICKE, NOORD and BEKKUM, 1973) .
In our previous papers, we reported that the hemopoietic stem cells and the progenitor cells of megakaryocyte and granulocyte lineages in the liver in the late stage of hepatic hemopoiesis differed in ultrastructure from those in the early stage, and that the maturation courses of the former series were different from that of the latter series (EMURA, SEKIYA and OHNISHI, 1983a, b) . Should the stem or precursor cells of the erythrocytic series in the early stage be morphologically different from those in the late stage, our assertion will be further supported.
In this context, the present study was conducted to reveal the ultrastructures of the cells of the erythrocytic series in the human embryonic liver.
MATERIALS AND METHODS
The hepatic tissues examined were from 109 human embryos 28 to 49 days after ovulation and 76 human fetuses at 8 to 22 weeks of gestation, all being obtained by legal abortion from healthy woman. Light microscopy: Eighteen embryos between 4 to 24 mm crown rump (C. R.) length (estimated age : 30 to 49 days after ovulation) and hepatic tissue of 34 fetuses (50 to 154 days of gestation) were fixed in 10°o neutral formalin and then embedded in paraffin. Every fifth serial section was stained with hematoxylin-eosin, and the rest were subjected to silver impregnation, naphthol AS-D choloroacetate esterase and periodic acidSchiff reaction.
Transmission electron microscopy: Ninety-one embryos, including a 21 somite embryo of 3 mm C. R. length (estimated age: 27±1 days), and the hepatic tissues of 76 fetuses were fixed as soon as possible after legal abortion in the fixative, which consisted of 2% glutaraldehyde in 0.1 M phosphate buffer solution, pH 7.5, at 4°C for 2 hrs. In the fixation, the embryos and livers were divided into small pieces using a dissection microscope.
The tissue pieces were then rinsed in 0.1 M phosphate buffer solution, pH 7.5, and postfixed in 1 °o osmium tetroxide at 4°C for 2 hrs. All the specimens were dehydrated and embedded in Epon. Ten sets of 30-40 serial ultrathin sections were routinely prepared at an interval of 15-20 ~Cm from a block of each case. Ultrathin sections were counterstained with uranyl acetate and lead citrate. The sections were examined with a Hitachi HS-9 electron microscopy.
Immunohistochemical method : An indirect method was used. Briefly, the livers were fixed in 10% formalin and embedded in paraffin, and sections were dewaxed and treated with 0.3% hydrogen peroxide to block endogenous peroxidase.
After exposure to non-immune goat serum, the sections were treated with the first antibody (rabbit antiserum to human Hb-F, Hoechst) at an optimal dilution (1:80) for 12 hrs at 4°C, and then washed and exposed to goat anti-rabbit IgG peroxide conjugated.
All the sections were treated with diaminobenzidine in hydrogen peroxide and slightly counterstained with hematoxylin.
Appropriate controls were included.
RESULTS

I. Light microscopic observation of hepatic hemopoiesis
Within the first month of gestation, no hemopoietic cells were found in the hepatic parenchyma, and all blood cells in the sinusoides were primitive erythroblasts of yolk sac origin. A small number of isolated hemopoietic cells were first identified in the intercellular spaces among the hepatocytes of an embryo of 6.2 mm C. R. length (estimated ovulation age: 33 days). Along with the embryo's development, the cells of the erythrocytic series increased in number in the hepatic parenchyma.
Forty days after ovulation, erythropoiesis in the hepatic parenchyma seemed established.
The immunohistochemical method revealed that almost all hemopoietic cells in the hepatic parenchyma were erythrocytic elements, being represented by large immature and small mature erythroblasts ( Fig. 1) . The majority part of the large immature eyrthroblasts were invaginating into the cytoplasm of hepatocytes, whereas most of the mature erythroblasts gathered in the subendothelial spaces of the sinusoids. Two consecutive sections of the liver of a human fetus, about 51 days after ovulation.
a. Large immature erythroblasts are invaginating into the cytoplasm of hepatocytes, whereas small mature erythroblasts tend to gather in the subendothelial spaces of the sinusoids. x 400. b. This section immunostained for hemoglobin F shows that most of the hemopoietic cells are erythrocytic.
x 400 a b development. Erythroid progenitor cells that resembled lymphoid cells were first identified in the intercellular spaces of embryonic hepatocytes at about the tenth week of gestation.
Basophilic erythroblasts or more immature cells of the erythrocytic series were almost always invaginating into the cytoplasm of hepatocytes, and were frequently wrapped by the thin cytoplasmic rim of hepatocytes.
Although hepatocytes are normally covered by numerous irregular microvilli, the surface facing the associated erythroblasts possessed few of them.
A number of desmosome-like attachments were found between the hepatocytes and the invaginated erythroblasts (Fig. 2 ). They were most frequently encountered between hepatocytes and basophilic erythroblasts, proerythroblasts or erythroid progenitor cells. These attachements were also noticed between hepatocytes and mesenchymal cells but were lacking between hepatocytes and hemopoietic cells of granulocytic or megakaryocytic lineages. Mitotic figures were numerous in the basophilic erythroblasts.
It was common to find a pair of late hepatic erythroid progenitor cells or proerythroblasts at the nearly same stage of maturation joined side-by-side, probably the result of mitosis in a late hepatic erythroid progenitor cell in its very early stage of differentiation (Fig. 3, 8 ).
III.
Ultrastructure of the erythrocytic series By referring to previous works (BBESSIS, 1973; FUKUDA, 1974; TANAKA and GOODMAN, 1972) , the following terms concerning the erythrocytic series will be used in this paper:
The adjective "early hepatic" is applied to the immature forms of the ervthrocvtic Early hepatic ervvthroid progenitor cells (Fig. 4 ): These were round or oval in shape and ranged in size from 12 to 15 tem in diameter (mean: 14 tam). The round nucleus was slightly indented and had one or two prominent nucleoli. The chromatin was finely dispersed, and the nuclear pores were numerous. The cytoplasm contained abundant polyribosomes, a few small coated vesicles, and a moderate amount of mitochondria. There were only a few short cisternae of rough endoplasmic reticulum.
The Golgi apparatus was composed of a few short cisternae and small vesicles. A pair of centrioles was observed in the central area of the Golgi apparatus. An early hepatic erythroid progenitor cell in the hepatic parenchyma of an embryo, about 45 days after ovulation. Prominent nucleoli appear in the slightly indented nucleus and the chromatin is finely dispersed in the nucleus. The nuclear pores are numerous. The cytoplasm abounds in polyribosomes.
The cisternae of rough endoplasmic reticulum are short and slender.
Desmosome-like attachment (arrow). x 5,900
C. Proerythroblasts and more mature erythroblasts 1. Proerythroblasts (Fig. 7, 8 ): These were oval in shape and measured 12 to 16 pin in diameter (mean: 14,um). The cell shown in Figure 6 was found in the early stage of hepatic hemopoiesis and that shown in Figure 7 was observed in the late stage. In comparison with the former cell, the nucleus of the latter cell was generally irregular in contour and showed very slight reticular clumping of chromatin. One or two nucleoli were usually found, and nuclear pores were numerous. The small Golgi apparatus was composed of several cisternae and a few small vesicles. Ten to twenty electron dense granules, up to 0.2 um in diameter, and a pair of centrioles were found between the nucleus and the Golgi apparatus.
The cisternae of rough endoplasmic reticulum were slender and very small in number. Numerous polyribosomes were finely distributed.
Mitochondria were 15 to 20 per section.
2. Basophilic erythroblast (Fig. 9) : The round nucleus contained one or two less prominent nucleoli.
The chromatin was slightly condensed along the inner aspect of the nuclear membrane. Electron microscopic features of proerythroblasts have been described in the embryonic livers of human and experimental animals (ZAMBONI, 1965; GRASSO, SWIFT and ACKERMAN, 1962; FUKUDA, 1974) , human adult bone marrow (TANAKA and GOODMAN, 1972; BESSIS, 1973) and the bone marrow of experimental animal (BEN-IsHAY and YOFFEY, 1972) . A few points of resemblance can be noted between the proerythroblasts depicted by those authors and those observed in the present study in the liver in the late stage of hepatic hemopoiesis. The first is that all proerythroblasts have a slightly Late hepatic erythroid progenitor cells at stage II in the hepatic parenchyma of a fetus, about 10 weeks after ovulation.
The chromatin is dispersed in thee nucleus, showing reticular clumps.
The nucleolus becomes conspicuous and the nuclear pores are increased in number.
Many single and polyribosomes are found in the cytoplasm. Desmosome-like attachment (arrow).
x 93,000
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indented nucleus, and the second is that the chromatin of these cells shows very slight reticular clumping. Proerythroblasts can readily be distinguished from the promyelocytes (TANAKA and GOODMAN, 1972; FUKUDA, 1974; EMURA, SEKIYA and OHNISHI, 1983) , the promonocytes (NICHOLS, BAINTON and FARQHAR, 1971; NICHOLS and BAINTON, 1973) and the immature promegakaryocytes (EMURA, SEKIYA and OHNISHI, 1983a) that are similar to proerythroblasts in ultrastructure by the following morphologic criteria: 1) the cisternae of rough endoplasmic reticulum of proerythroblasts are short, slender and small in number whereas the latter three cells have a large number of moderately dilated cisternae of rough endoplasmic reticulum and the perinuclear cisterna of the latter cells is also moderately dilated; 2) the Golgi apparatus of the latter cells is larger than the former; 3) the demarcation membrane system and a marginal zone are found in immature promegakaryocytes; 4) promonocytes contain bundle of filaments. Desmosome-like attachments are frequently found between hepatocytes and proerythroblasts or basophilic erythroblasts. These attachments were not detected between hepatocytes and cells of the megakaryocytic (EMURA, SEKIYA and OHNISHI, 1983a) or granulocytic (EMURA, SEKIYA and OHNISHI, 1983b) lineages.
Furthermore, the indirect immunohistochemical method revealed that most cells invaginating into the cytoplasm of hepatocytes were erythrocytic in nature. These findings indicate that the cells invaginating into the cytoplasm of hepatocytes or wrapped by the thin cytoplasmic rim or hepatocytes and have desmosome-like attachments to the adjacent hepatocytes are erythrocytic elements. The chromatin is finely dispersed in the oval nucleus. Small electron-dense granules occur in the cytoplasmic area between the nucleus and the Golgi apparatus. Numerous polyribosomes are found in the cytoplasm.
x 6,300 M. SEKIYA and Y. OHNISHI: The cells in Figures 4, 5 and 6 are judged to be more immature than proerythroblast because electron dense granules that are characteristic of proerythroblasts (Bessis and BRETON-GORIUS, 1961; FUKUDA, 1974) are not formed between the Golgi apparatus and the nucleus. Concerning the early hepatic erythroid progenitor cells, the cytoplasm of proerythroblasts is darker than that of the early hepatic erythroid progenitor cells, probably the result of a production of hemoglobin.
As to the late hepatic erythroid progenitor cells, since the number of polyribosomes, mitochondria and nuclear pores of the larger cell are more abundant than those of the smaller cells, the larger cell seems to be more differentiated than the smaller cell.
There are a few distinctive morphological differences between the early hepatic erythroid progenitor cells and the late hepatic ones. Firstly, the nuclear chromatin is finely dispersed in the early progenitor cells, whereas in the late progenitor cells it is gathered in moderate clumps in the center and periphery of the nucleus. Secondly, the former cells are larger in size than the late hepatic erythroid progenitor cells at stage I. Thirdly, the cytoplasmic organelles of the early hepatic erythroid progenitor cells are more abundant than those of the late hepatic erythroid progenitor cells and the nuclear pores of the former cells are more numerous than those of the latter cells. These differences were also noticed between the immature cells of the granulocytic or magakaryocytic lineages in the liver in the early stage and those in the late stage (EMURA, SEKIYA and OHNISHI, 1983a, b) . Two proerythroblasts in the extravascular spaces of the liver of a fetus at about 10 weeks of gestation.
In comparison with the cell shown in Figure 7 , these cells are considered to be at the same maturation stage. The chromatin shows very slight clumping and the contour of the nucleus is irregular.
Numerous polyribosomes and slender cisternae of rough endoplasmic reticulum are observed in the cytoplasm.
x 6,500
From these findings, it seems logical to draw the following three main conclusions. The first is that the hemopoietic stem cells in the liver at the late stage of hepatic hemopoiesis are small cells (about 8 um in average diameter).
The chromatin of these cells shows coarse condensations and the nucleus is provided with a small nucleolus and a small number of nuclear pores. Organelles are scarce in the narrow cytoplasm. In these respects, the cells resemble small lymphocytes in ultrastructure.
On the other hand, we are convinced that the hemopoietic stem cells at the early stage are large cells (about 14 ,um in average diameter). The nucleus has large nucleoli. The chromatin is finely dispersed and the nuclear pores are numerous.
Organelles, especially polyribosomes and mitochondria, are abundant in the cytoplasm.
They are not similar to small lymphocytes in ultrastructure.
The second is that the maturation courses of the cells of granulocytic, erythrocytic and megakaryocytic lineages in the liver in the early stage of hepatic hemopoiesis are different from those in the late stage, respectively.
In other words, the immature committed cells of the three lineages in the early stage of hepatic hemopoiesis are surmised to be already capable of producing some specific proteins because these cells abound in polyribosomes, whereas the immature cells in the late stage are conjectured to have to pass some certain stages of maturation before they can actively synthesize their specific proteins since they have scarce polyribosomes and rough endoplasmic reticulum.
The third is that the immature cells of the three lineages at the early stage resem- A polychromatic erythroblast in the hepatic parenchyma of a fetus , about 8 weeks after ovulation.
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